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FOREWORD
This report contains a bibliography of information which is
pertinent to the problem of simulating plants.
Any effort to quantitatively study the dynamic interactions
within the environment requires the simulation of each segment of the
ecology. Detailed simulation of constituent pieces are necessary
to justify simple models which, may be used for analysis. Thus, this
area of study is necessary to support the Earth Resources Program.
The report sums up the present state of the problem of
simulating vegetation. This area holds the hope of major benefits
to mankind through understanding the ecology .of a region and in im-
proving agricultural yield. Major efforts are needed in this area
with the prospect of significant returns.
INTRODUCTION
Research in the area of plant physiology is to a great extent
experimental. In recent years, mathematical and simulation models have
played an increasingly important role in proving biological phenomenon,
which in general involve highly interactive systems and non-linear
functions (48). Computer technology, and, particularly dynamic simu-
lation software provide new tools for integration through multilevel
model building. The importance and the appeal of dynamic simulation
lies in its promise to engender understanding of the whole biological
system in terms of unit processes in a hierarchical arrangement x^hich
permits the study of multilevel interaction among subsystems. Stated
simply, it provides a means to use laboratory findings to make quanti-
tative predictions about field behavior.
The literature survey presented in this discussion is the out-
come of an attempt to build a block diagram model of a plant, taking
into consideration all the important factors which result in the final
growth of plants. The discussion centers around mathematical and
simulation models and electric analogs which assist a biologist to
understand in a quantitative manner, processes for which he has to rely
on tedious experimental work.
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Figure 1 — Simplified Scheme For The Hydraulic
System of a Forest. CFrom Ref. 62)
Model;
Models are an insight to the study of complex phenomena and
systems (18). By means of models, processes which are difficult to be
studied by observing the real system are systematically described.
Of late, Forrester's modeling techniques are being used in the.
representation of Agricultural Systems (14, 62). A simplified scheme
for the hydraulic system of a forest is shown in Figure 1. Rate is
represented by a valve, level by a rectangle, a controlled flow by
an arrow, and information by a dotted line. Similar techniques could
also be used to model plant behavior and processes (14).
The Processes;
The most important functions of a plant can be classified into
the following: Photosynthesis, Respiration, Transpiration, Translocation,
Stomatal regulation, diffusion of water vapour and CCL (58). Each of
these are interrelated in a very complex fashion, and there would be
no plant life in the absence of any one of these processes. A brief
review of the various models put forth for explaining these processes
gives us a better understanding as to how a model could be used to
control the various plant processes and also.the need for further re-
search in this area of plant physiology.
Electric Analogs;
The diffusion of CO and water vapour from leaves has been
analyzed by several workers in terms of networks of resistance
(13, 19, 25, 45, 46, 47), and such analogs provide a useful tool for
analysis of biological processes (12). The problem of measuring the
resistances encountered during the diffusion process has also been
considered (46).
The effect of the resistances to the various plant processes is
given in (11, 21, 22).
The process of diffusion of gases, in the presence of dark
respiration involves additional resistances (44). An attempt has> been
made to study the process of dark respiration by means of an electric
analogue (44). A more complete model is by Lake (36). This paper also
provides a method for measuring the mesophyll resistance.
Thus, electric analogs are providing a mathematical basis for
the explanation of a certain aspect of plant function and processes.
Transpiration:
Van den Honert (59) suggested the use of Ohm's law to describe
the water flow into, through, and out of plants. The application of
this analogy between the flow of electric current in a conducting system
as described by Ohm's law and the flow of water through the soil-plant
atmosphere system (35) is a stimulating contribution in the field of
plant-water relations. Other such analogous circuits for the expla-
nation of this process are (22).
"-* A more complete description of the transpiration model is by
Cowan, I.R. (10). This model affords an explanation in terms of plant,
soil and climatic parameters of the various concepts of availability
of soil water for transpiration.
A dynamic simulation model of the transpiration process is (64).
This block diagram has been used in our overall model of the plant (28).
The model is simulated on an analog computer by Corbin's method of a
computer-controlled adaptive control system (64).
Stomatal Control Mechanisms:
Recent research for the movements and oscillations in the
stomata of plants, by application of control theory and models has made
considerable progress. Such an approach to be truly successful must be
iterative between model and experiment (42). These oscillations have
/
been shown to be analogous to those which can occur in man-made control
systems or servomechanisms following some disturbance (1, 2, 16, 29, 30,
31, 32, 38, 54, 26). Efforts to explain this process have crystallized
into definite models (3, 4), and all these treatments have recognized
to incorporate from general systems control theory (7, 24, 33, 41),
those features which are known to lead to instability or "hunting" of
a closed-loop control system. .
Oscillations in the stomata occur following a change in the
plants environment. Of the wide variety of environmental factors which
affect the oscillations in the stomata, the most important environ-
mental variable used for research studies is change in light conditions
of the plant (1, 2, 4, 5, 16, 27, 32, 38, 56, 58, 65). The model by
Woo, et al, (65) has been used in the construction of the overall block
diagram (.28). This model, however, cannot be regarded as completely
satisfactory. The model makes a basic assumption that water is trans-
ported actively to the guard cells. However, present work indi-
cates that such water transport is due to active cation uptake.
Karmanov's model (60) of Stomatal Mechanism is shown in Figure 2.
The model has been developed on the description of the process of opening
of the stomata of plant leaves in light as given in (60).
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Other environmental variables may be atmospheric conditions,
soil water conditions, etc. The effect of soil-water status on the
oscillations of the stomata need further study.
Raschke (54) has explained and recorded stomatal oscillations
and analyzes his results in terms of a feedback system. A more complete
discussion of the oscillations and cyclic variations is given in (3).
Models For Other Processes:
The mechanism of translocation has been the subject of much .
dispute and there is no widespread agreement on how the process works.
A complete discussion on this process including a number of references
is given in (9). This process has to be taken into account in con-
structing the block diagram model for a plant (28).
The effect of mineral nutrients on the water status of plants
has also been explained on a mathematical basis (49). A mathematical
model for the uptake of ions from the soil solution is given in (40, 50) .
An electrical analogue for predicting net photosynthesis yield
of individual plants for a variety of environmental conditions is given
in (39).
Biological Clock:
To end our discussion of the application of analogs and simu-
lation models in the study of plant processes, we make a brief survey of
the biological clock mechanism in plants.
Biological clock is the phenomenon displayed by both plants and
animals that pace their function in a cyclic fashion related in some way
to environmental stimulii (57). The block diagram of an electronic
simulation model for the biological clock is shown in Figure 3. Two
environmental stimuli!, light and temperature are considered. The
model is a complex hybrid adaptive control system and current research
is under way to explain the action of the clock on a cellular level
and to include the learning process in the electronic model.
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Figure 3 — Electronic Simulation Model
for Biological Clock.
From Ref. 57
CONCLUSION
A literature survey for the modeling procedure and the use of
models in biological systems (plants) has been presented. During the
course of this survey, it was felt that there is a lot in common be-
tween Engineering Systems and Biological Systems. This becomes all the
more evident when we consider the stomatal control mechanism in plants
and the biological clock mechanism in plants and animals. Control
systems theory is being applied to explain the former and modeling
techniques for the latter. Much remains to be done in this field and
it is hoped that the survey presented in this discussion paves the way
for more interdisciplinary research in engineering and plant physiology.
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